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“Learned men are the cisterns of knowledge, not the fountainheads.”

William Hazlett
Conversations of James Northcote, Esq. R. A., 1830.

This chapter discusses several time transfer scenarios involving planetary orbiters, landers and 
deep space probes on science and exploration missions. While the objective is to synchronize the 
spacecraft clock in these vehicles to Earth, this function is often integrated with the navigation 
function [16], [8]. This chapter relies heavily on the material of the preceding chapter and on 
general knowledge of mathematics and physics principles. While the general relativistic effects 
described in the previous chapter are always present to some degree, they will be neglected in 
most of this chapter.

The first scenario is not really a space mission at all, since it describes time transfer between 
national laboratories on Earth via a geosynchronous satellite. However, the means described 
could be used for time transfer on the Moon or on other planets where distances are relatively 
small and signal/noise ratios (SNR) are moderate to large. The second scenario describes time 
transfer from Earth to Earth orbiters like the Space Shuttle. This involves the services of the 
Tracking and Data Relay Satellite (TDRS) system, which uses a network of geosynchronous 
satellites to relay data between Earth and Earth orbiters. A similar system could be used for other 
planetary systems such as the Moon and Mars.

The third scenario involves time transfer to the Moon and satellites of the Moon. This raises 
special issues, as the Moon stubbornly faces the Earth, so communicating with landers on the far 
side requires relay of some kind. The fourth scenario involves time transfer for Mars orbiters, 
landers and aeroprobes. The means described use the internationally standardized Proximity-1 
protocol described in the previous chapter. JPL operational procedures now provide navigation 
and time transfer direct from Earth via the NASA Deep Space Network (DSN). As the number of 
vehicles near and on Mars grows over time, DSN resources may become prohibitively expensive. 
We discuss an alternative where one or more Mars vehicles are synchronized from Earth, and then 
they provide time transfer for the other Mars vehicles.

The fifth scenario involves navigation and time transfer from Earth to deep space vehicles. The 
DSN has recently transitioned from a multiple-subcarrier ranging system to a system based on a 
pseudo-random (PR) ranging signal. The technique requires considerable resources that may be 
impractical for space vehicles, but does not provide precision time to the space vehicle. The 
Parting Shots section describes a method with which this might be achieved.
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18.1 Time Transfer Between Earth Stations

Early in the history of time transfer between national laboratories the only way to synchronize 
national laboratory cesium clock ensembles was to fly a portable cesium clock from one 
laboratory to another. While cesium clocks typically have batteries, the battery charge lasts only a 
few minutes, long enough for the backup generator to kick in. For transport over intercontinental 
distances, they required a first class seat and a heavy-duty, deep-discharge battery. It is very 
unlikely that airlines would permit that today. In recent times the OMEGA and LORAN-C 
longwave radio navigation systems and later the GPS satellite navigation system have became 
available for time transfer, and the flying clocks have been grounded. These means provide 
accuracies to the microsecond for LORAN-C and to the nanosecond for GPS. However, GPS is 
only a common-view system and does not provide a two-way capability. In particular, a method is 
needed for time transfer between stations that does not involve a flywheel clock in the satellite.

The solution developed by NIST [9] and later refined by USNO [13] is called Two-Way Satellite 
Time and Frequency Transfer (TWSTFT) [12]. It uses a common-view geosynchronous satellite 
capable of two-way operation with very small antenna terminal (VSAT) Earth stations and a 
digital modem specially designed for time transfer service. In operation each station sends an on-
time pulse together with ancillary information via the satellite to the other station. After 
compensation for various propagation effects, the time of each station relative to the other can be 
determined within 100 ps or better.

The VSAT terminals and geosynchronous satellite operate at Ku band, 14 GHz Earth to satellite 
and 12-GHz satellite to Earth. The high frequency relative to C band (6/4 GHz) allows much 
smaller antennas to be used. The transmitter power is typically 10 W and the antenna diameter 1-
2 m. The RF upconverter and downconverter operate with a 70-MHz IF and a digital modem. 
Equipment with these characteristics is common in the satellite communications community.

What makes the TWSTFT application unique is a specially designed digital modem first 
implemented as the Hartl/Mitrex modem [9] and later refined by USNO [13]. It uses the 1-Hz 
(PPS) and 5-MHz signals generated by a cesium clock. The PPS signal is used as a precision time 
tag for transmissions of one station to the other, while the 5-MHz signal is multiplied to 25 MHz 
and used to drive the analog-digital (A/D and D/A) converts and timing signals used in the 
modem.

The heart of the modem is a pseudo-random (PR) sequence generated by a linear-feedback shift 
register (LFSR). Devices like these are widely employed in digital communication systems. The 

USNO modem uses a 12-stage LFSR which generates a sequence of  bits (more 
properly called chips) with a uniquely powerful autocorrelation function together with a very low 
crosscorrelation function with other codes and noise. This makes the LFSR ideally suited for time 
transfer applications.

In the USNO design each 4095-chip PR sequence is interpreted as one bit in a word of 32 bits. 
Nineteen words are bi-phase modulated on a carrier frequency of  
Mb/s, which is appropriate for a commercial TV satellite transponder. A binary one is transmitted 
in the upright phase, while a binary zero is transmitted in the inverted phase. The resulting BPSK 

2
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signal consists of a  Hz data stream. The data stream begins with the on-time tag 
followed by the time of day, station identifier and ancillary data. The on-time tag consists of a 
word of 16 zeros followed by 16 ones, which cannot be duplicated by legitimate data.

As shown in Figure 18.1, each station includes a time interval counter which is initialized at zero 
when a station transmits the on-time tag to the other station. Upon receiving the on-time tag, a 
station stops its counter and sends the counter value to the other station in the next second. Upon 
completion of two rounds, each station subtracts the value received from the other station from its 
own value. As shown in the figure, the offset between the stations can be easily computed; in fact, 
this method is a variation of that used by NTP.

The success of this method depends on accurate calibration of residual delays. In Figure 18.2 at 
station A, the delays dTA and dRA include components due to cables, modem and RF equipment. 
The dAS includes the free-space propagation delay plus components due to the ionosphere and 
troposphere, while dSAB includes the satellite transponder and related RF equipment delays. 
Similar effects occur at station B. In practice every attempt is made to keep the signal paths 
symmetric so these delays cancel out. The two stations should use the same satellite transponder 
and the same uplink channel and downlink channel. Since the uplink and downlink channel 
frequencies are different, differential ionospheric and tropospheric corrections may be necessary.

32 19 608=

Clock A Clock B

Time Interval 
Counter

Time Interval 
Counter

R(A) = A – B + dBA

Difference
R(B) = B – A + dAB

[R(A) – R(B)] / 2 = A – B – (dAB – dBA) / 2

Figure 18.1 Two-Way Satellite Time and Frequency Transfer
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 In addition, an adjustment called the Sagnac effect is necessary to compensate for the motion of 
the Earth during the time of passage between one station and the other, which is about 270 ms. 
Figure 18.3 shows how this is done. Consider the geometrical figure formed by the line segments 
connecting the satellite, each Earth station and the center of the Earth geoid as the path SACBS. 
Then form the projection of this figure on the Earth equator SA’CB’S, where S is already in the 

equatorial plane, and compute the area A of the projection in km2. The Sagnac correction is

,

where is the angular velocity of the Earth in rad/s and c is the velocity of light in km/s. If the 
direction of propagation is to the East, the correction is positive; if to the West, the correction is 
negative.

In practice a number of exchanges are made over some minutes and the counter values averaged 
to refine the measurements. In this way the offsets between stations can be determined to within 
100 ps. A number of stations can participate where one of them polls the others in turn so all 
stations can measure their laboratory offsets relative to the others in one session. At one time, 
NIST and USNO participated in these measurements three times a week.

In principle, the TWSTFT method would work on any planet or moon with a stationary equatorial 
satellite relay. However, the most useful technology to come from this method is the use of long 
PR codes to improve the SNR and the ability to encode data by modulating the codes. This will 
show up later when discussing time transfer for deep space missions.
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18.2 Time Transfer to Earth Satellites

This section describes a method for time transfer from Earth to a satellite in LEO or MEO orbit. 
Accuracies within 5 s were demonstrated in a NASA Space Shuttle mission using the Tracking 
and Data Relay Satellite (TDRS) [4]. This method has been extended to other Earth orbiters as 
well. TDRS supports multiple, simultaneous, near-Earth space missions using several GEO 
satellites operating at S (2-4 GHz) and Ku (11-18 GHz) bands. The satellites use wideband, quasi-
linear transponders, often called “bent pipes.” These transponders translate a band of signals, 
often 500 MHz wide, from 14 GHz to 2.3 GHz and vice versa without demodulation.

The NASA experiment used the Shuttle and the White Sands, NM, communications site and other 
remotely controlled sites. The TDRS was used as the communications link between White Sands 
and the Shuttle. Figure 18.4 shows the paths between White Sands, a TDRS satellite and the 
Shuttle. Uplink S-band signals from White Sands are translated by TDRS to Ku band and 
downlinked to the Shuttle. These signals are immediately remodulated to another Ku-band 
frequency, uplinked to TDRS, translated to another S-band frequency and downlinked to White 
Sands. As in the TWSTFT method, the propagation paths and translations are reciprocal, so the 
delays very nearly cancel out.

For time transfer purposes, the White Sands uplink signal is modulated by a PR ranging signal 
similar to the TWSTFT signal. At regular intervals the uplink equipment inserts a pulse in the 
ranging signal and captures the pulse time T1 according to the station clock. The pulse is 
synchronized by precision means to UTC. Equipment onboard the Shuttle captures the pulse time 
T2 according to the spacecraft clock. When the pulse is received at White Sands, the pulse time is 
captured T3 according to the station clock. White Sands now calculates the roundtrip delay

,

where dS is the Sagnac effect due to the rotation of the Earth during the roundtrip time. Unlike the 
TWSTFT technique where the satellite is stationary at GEO, the Shuttle is moving along its orbit. 
However, the time while the pulse is turned around at the Shuttle is very small, so the Sagnac 
effect can be calculated as in TWSTFT.
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Figure 18.4 Time Transfer from Earth to the Space Shuttle
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The time the pulse arrived at the Shuttle according to the White Sands station clock is

,

with accuracy limited primarily by the station clock. Finally, the T4 is uplinked to the Shuttle in 
the telemetry stream where it is used to correct the spacecraft clock

.

In this design the time for the pulse to leave White Sands and return requires two round trips 
between on and near Earth and GEO, which is about 540 ms. An additional roundtrip is required 
to uplink T4.

An experiment similar to the Space Shuttle is reported in [7]. It used a pair of cesium clocks and a 
hydrogen maser onboard the International Space Station (ISS). In the low gravity environment the 

clocks have stabilities in the order of 1016. The experiment used modulated laser pulses and 
existing laser stations on Earth. Modulated laser pulses were sent to the ISS where a set of 
retroreflectors returned them to Earth. The pulses were also captured at the ISS and used to latch a 
counter. The transmit and receive times were recorded on Earth and exchanged by microwave 
data link. The Earth clock and ISS clock were compared using the same means as the Space 
Shuttle experiment with claimed results to the level of 50 ps.

18.3 Time Transfer to the Moon and Satellites of Other Planets

A good deal has been written about navigation, communication and time transfer to planetary 
systems, including the Moon and its satellites [17], Mars and its satellites [5], [6] and deep space 
[8], [15]. In general, there is a clear distinction between vehicles with navigation as the primary 
purpose, and other vehicles with primary purpose science data collection and data relay. 
Navigation vehicles need to precisely measure range and range rate in order to determine state 

vectors for other vehicles. For this purpose, they need ultra-stable oscillators (USO) in the 10-12 
class, which are frightfully expensive. While these vehicles do not need precise time transfer from 
a coordinated timescale such as J2000, it is natural to embed a time transfer capability in the 
navigation signal, as described in Section 18.6. In other vehicles not intended for precise 
navigation, time transfer can be embedded in the communications protocols such as Proximity-1 
and NTP. However, while Proximity-1 UHF frequencies are available for the Moon and other 
planetary systems, they are not available for Earth-Moon missions, as they are allocated for other 
purposes on Earth.

We first consider time transfer to satellites of the Moon, which might involve a space fleet of 
communication, navigation and science vehicles. A scenario for a developing Lunar navigation 
and communications network has been proposed in [8]. It starts with a constellation of three polar 
orbiters approximately 120° apart, which would support Lunar polar missions on a continuous 
basis, depending on the altitude of the orbit. These orbiters would need a navigation capability to 
locate landers, as well as navigation signals that enable landers to determine surface position and 
surface topography. Time transfer could be provided either using the Proximity-1 protocol, as 
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d
2
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described in the previous chapter, or by embedding a time tag in the ranging signal, as in the 
Space Shuttle experiment.

Polar orbiters would be in view of the DSN for at least half the orbit period. With three orbiters in 
a two-hour orbit, a lander near the poles will see a pass every 40 minutes, but it will last only ten 
minutes or so. However, a three-orbiter polar constellation cannot support Lunar missions at 
lower latitudes on a continuous basis. To do this, the authors propose a three-orbiter constellation 
of equatorial satellites again spaced 120° apart. In the evolved 6-orbiter network there would be 
frequent crosslink opportunities between the polar orbiters and equatorial orbiters. A constellation 
like this could be used for Mars and the other planets as well.

An orbiter with a two-hour period, for example, will see the same surface point twice each day; 
once on the ascending pass, and once on the descending pass. However, each pass advances 30° 
from the last, so a surface point might not see more than two passes per day per orbiter. In any 
case a pass is not likely to last very long - a few to ten minutes at Mars, for example. A 
constellation involving Moon orbiters and landers is a special case, as the Moon seen from Earth 
always shows the same face. As seen from a lunar polar orbiter, the Moon appears to rotate with a 
period of 27.3 d. 

 If multiple polar orbiters are deployed to improve the communications and navigation coverage, 
they might not be able to communicate with each other all the time. Some authors have proposed 
one or more equatorial orbiters at medium to high altitudes to provide a relay capability between 
orbiters and landers, especially on the far side of the Moon, which cannot be reached directly 
from Earth. Such a scenario is explored in the next section of this chapter.

Some authors have suggested a relay/navigation satellite placed at the L1 Lagrange point; that is, 
at the Earth-Moon barycenter located about 62,000 km from the Moon and about 322,000 km 
from Earth. As shown in Figure 18.5, there are five Lagrange points for the Earth-Moon system 
with Earth at the center of the orbit. In fact, the geopotential at all five points is zero, so they are 
each at a barycenter. All but L4 and L5 (Trojans) are unstable, so the position must be actively 
managed using spacecraft propellants. While not discussed in the available briefings, the L2, L4 
and L5 points might be useful for relay between Earth and the far side of the Moon without using 
polar orbiters. An additional opportunity, a so-called halo orbit at the L1 point is possible where 
the orbit plane is perpendicular to the line joining the Earth and Moon centers and the center of 
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L1 L2L3
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Figure 18.5 Lagrange Points for the Earth-Moon System
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the orbit is at L1. A halo orbiter could be used to relay between Earth and L2 without occultation 
by the Moon.

Some authors have suggested using Earth orbit resources as a navigation and time transfer 
augmentation, including TDRS and GPS. There are problems perhaps not foreseen by the authors 
using these resources. First, the Earth satellite antennas are optimized for the Earth and Earth-
orbit communication, so are useful only shortly before LOS and shortly after AOS, as seen from 
the Moon. This issue is discussed in the next section. Second, the Earth orbiting spacecraft 
antenna boresight and link budget is optimized for near-Earth communication and may not be 
sufficient for 300,000-km links to the Moon. To some extent this can be mitigated by a high-gain 
antenna at L1. If so, time transfer to L1 might be possible using TDRS and the method described 
previously. It might also be possible to use GPS in a similar manner, but only at times when the 
link budget permits, which might not result in continuous operation.

18.4 Time Transfer for a Planetary Space Fleet

This section discusses scenarios for time transfer from one Mars spacecraft to another using the 
PITS protocol described in Section 17.9. The primary interest is on how and when the spacecraft 
can communicate with each other to exchange data packets. While the scenario is applicable for 
the Mars space fleet, the methods could be extended to any planetary space fleet supporting the 
Proximity-1 protocol.

In mid-2009 NASA and the European Space Agency (ESA) have a number of orbiters and landers 
in the vicinity of Mars, including three orbiters: Mars Express (MEX), Mars Reconnaissance 
Orbiter (MRO) and Odyssey (ODY). At present, there are two Mars rovers (MRO): Opportunity 
and Spirit, but these might not live much longer. The recent Phoenix lander (PHY) died of 
frostbite in the Martian winter. Plans later this year are to launch a new lander, Mars Science 
Laboratory (MSL). All but PHY and MSL can communicate at X band directly to Earth via the 
DSN, but only at very low data rates. In addition the Mars vehicles can communicate with each 
other using UHF transceivers with the Proximity-1 protocol.

This section contains a strawman proposal that could be used with any planetary body, including 
Earth, the Moon and Mars. It involves a scheduling algorithm that utilizes available 
communications crosslink opportunities between the vehicles. The scheduling algorithm can be 
implemented in a flexible manner with some components on Earth and some others on space 
vehicles. It can evolve by gradually moving some components from Earth to the space vehicles, 
retaining Earth components for backup. Eventually, the vehicles would be able to determine the 
pass opportunities and transfer time and data from one vehicle to another, possibly via a third or 
even a fourth vehicle. It is understood that this can become rather intricate, as the vehicles move 
in different orbits and crosslink opportunities may conflict.

In order to determine the feasibility of such an approach, an experiment has been implemented to 
simulate a projected Mars space fleet using a constellation of satellites orbiting Earth. The reason 
for using Earth rather than Mars for this simulation is that Earth satellite orbit data are readily 
available, but not Mars satellite orbit data. The experiment involves five Earth orbiters and one 
Earth lander shown in Table 18.1. This constellation was chosen to explore the forwarding delays 
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and throughput of the various crosslinks between the vehicles. Vehicles 2 and 5 are typical 
satellites at LEO, but seldom, if ever, see each other. Vehicle 3 is a GPS satellite at MEO, while 
vehicle 4 is an INTELSAT communications satellite at GEO. Vehicle 6 is on the surface in 
Newark, DE. The interesting case is vehicle 1, which has a highly eccentric orbit with apogee 
beyond GEO. This satellite spends most of its time loitering near apogee and zips around the 
Earth near perigee. While not used in the simulator, the Rate column shows the secular rate of the 
proper clock due to relativistic effects and the Variations column the deviation along the obit. 
From these data only the OSCA 40 satellite would justify non-secular corrections described in 
Section 17.3.

The simulator itself uses a software library available from JPL called the SPICE Toolkit1. It 
includes an extensive set of routines to perform vector calculus, time metrology, geometric 
transformations and state vector processing. The library is used by JPL mission planners and 
scientific investigators from several institutions. In the simulation experiment describe in this 
section, the planetary orbits of all six spacecraft were explored over a period of two days.

The simulator first initializes all five orbiters using the Keplerian elements from the NORAD 

Spacetrack database2, which catalogs radar tracking data for almost all objects in Earth orbit. This 
establishes the initial state vector for each vehicle at a given time. Subsequently, at intervals of 
one minute, the state vector for each vehicle is updated by integrating along the orbit. Next, a pass 
list is constructed which shows each pass where one vehicle can see another; i.e., only if the ray 
path is not occulted by Earth or by components on the spacecraft itself, as shown in Figure 18.6. 
Note that the spacecraft antennas always point directly to Earth, so a crosslink is possible only if 
the nadir angle  is less than 90°. A pass list entry includes the send vehicle number, receive 
vehicle number, pass begin time and pass duration. For the set of six vehicles selected, the 
simulator found over 800 passes during the simulation run.

A reasonable assumption is that each vehicle has a single full-duplex transceiver and that each 
receiver operates at a different frequency. Thus, the transmitters must be tuned to the particular 
receiver frequency for each pass. Even with this assumption, it is quite likely that on some passes 
two transmitters might target the same receiver causing collisions. Thus, some sort of discipline is 
required.

Spacetrack Name Altitude (km) Inclination (°) Period (h) Rate (s/d)  Variation (s)
OSCAR 40 800-58,000 7.9 19.11 15.8 4.2

AMSAT ECHO 800 98.1 1.67 80,6 .019
NAVSTAR 62 20,000 55.3 11.97 21.6 .007

INTELSAT 1002 36,000 0.0 23.93 13,6 .001
NOAA 18 870 98.0 1.70 79.5 .002
W3HCF surface 39.7N 75.8W 24 60.1 0

Table 18.1 Earth-Orbiting Spacecraft

1. Available from http://naif.jpl.nasa.gov/naif/toolkit.html.

2. Available from http://www.space-track.org.
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Periodically, perhaps during a pass between two vehicles and without obstructing science data or 
telemetry, the current state vector and coordinate time for each vehicle are exchanged over the 
space link. The receiver determines its current state vector and coordinate time, then runs the 
iterated procedure described in Section 17.3 to obtain the coordinate clock offset and roundtrip 
delay, although the delay might not be useful other than to adjust the state vectors in response to 
orbit perturbations.

In a typical simulation run, pass durations vary from a few minutes to almost six hours. Passes 
less than ten minutes are discarded, as the time to acquire and lock on the signals can be 
significant. The most valuable passes are the longest, so for each pass the simulator assigns a 
score equal to the pass duration in seconds. It then scans the pass list for all other passes to see if 
one or more collide; that is, overlap on the same frequency, and if so, saves the collided pass on a 
knockout list. At the same time, it subtracts the duration of the collided pass from the score. The 
resulting data structure, including the pass list along with the knockout lists for each pass, can 
become moderately large.

Next, the simulator enters a scheduling loop looking for the pass with the highest score that has 
not yet been scheduled and has an overlapping reciprocal pass, so that full-duplex operation is 
possible. It then scans the knockout lists for all scheduled passes. If a knockout is found the new 
pass is marked as disabled. If no knockout is found, the pass is scheduled. In this case the 
simulator scans the knockout list and disables all other passes on the list. The simulator continues 
in this way until all passes have been processed. Finally, the disabled passes are removed, leaving 
the final nonconflicting schedule of 122 passes during the simulation run.

Orbiter Orbiter

Lander



Figure 18.6 Space Vehicle Crosstrack Geometry
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The aggregate traffic matrix for the selected vehicles is shown in Table 18.2 where pass durations 

are shown in total minutes for all passes between the vehicles in the matrix. The matrix shows 
some interesting results. Vehicles 3 and 5 never see each other, nor does 1 and 3, nor does 2 and 6, 
nor does 4 and 6. Obviously, if the space fleet is to enjoy total connectivity, some vehicles will 
have to relay for others. This might even be worse at the Moon or Mars. Table 18.3 shows the 

aggregate incidence matrix which tallies the number of passes between one spacecraft and 
another over the two-day period. Some spacecraft see each other for only one pass per day, but 
that pass is quite long. Others see each other several times per day, but the pass is relatively short. 
However, as the minimum pass duration is ten minutes, the five-packet exchange required by the 
interleaved symmetric protocol of Section 16.3 and the iterated algorithm of Section 17.3, each 
pass is guaranteed to produce a valid clock comparison.

Recall that the intended scenario is for the DSN to upload time and state vectors to one or more of 
the space vehicles and have them distribute the data to the others directly or via relay. The next 
step for the simulator is to construct a spanning tree, so that when data arrive at a vehicle, it knows 
when and where to relay it. This can be a messy problem, as it depends on whether to optimize for 
maximum throughput over a given period, or whether to minimize the time to deliver to all 
vehicles. For this preliminary study we choose the latter.

The simulator next does a recursive, breadth-first search of the pass list, which at this point is 
interpreted as a tree, where each entry identifies the source and destination vehicles. In general 
there will be two entries on the list, one for each of the reciprocal directions, and this makes the 
algorithm much more interesting. The algorithm is in fact a variant of the Dijkstra routing 
algorithm often used in computer networks.

Vehicle 1 2 3 4 5 6
1 0 164 0 22 540 158
2 165 0 79 195 443 0
3 0 78 0 931 0 698
4 23 197 533 0 116 0
5 538 446 0 115 0 21
6 169 0 698 0 22 0

Table 18.2 Crosslink Traffic Matrix

Vehicle 1 2 3 4 5 6
1 0 6 0 1 17 2
2 6 0 4 7 13 0
3 0 4 0 2 0 2
4 1 7 2 0 5 0
5 17 13 0 5 0 2
6 2 0 2 0 2 0

Table 18.3 Crosslink Incidence Matrix
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An important feature of the pass list is that the entries are in order of the begin time. The 
algorithm starts by scanning the pass list for the first entry with source matching a vehicle 
selected as the target of a DSN upload. It then executes an embedded recursive algorithm to 
construct a shortest-path spanning tree with this pass as root. The embedded algorithm first 
creates a node on the tree, then scans the pass list starting at the given time for entries with the 
given vehicle as the source, but skips passes that overlap the given pass or where the source and 
the destination match the given pass, as these must always be later. If none are found, the 
embedded algorithm recurses to add the new node and construct the shortest-path spanning tree 
from that point. The algorithm terminates when no new nodes are found and the spanning tree is 
complete. Table 18.4 shows a typical spanning tree. Starting at minute zero of the day, the data 

have arrived at all nodes by minute 855. All but node 1 can be reached in two hops or less; node 1 
is reached via the path 4321.

Running this program is not trivial; the above unoptimized simulation took 41 s on a Sun Blade 
1500, but it only has to be done once a day or so. These are several ways this might be 
implemented for the Mars fleet, depending on how much of the burden is assigned to Earth and 
how much is assigned to Mars vehicles. At one extreme all the burden could be assigned to Earth 
and only the spanning tree uploaded to a Mars vehicle that would distribute it one hop at a time. 
At the other extreme, state vectors could be determined via the DSN and uploaded to a Mars 
vehicle which would propagate the state vectors, construct the pass list and spanning tree, then 
forward it to the remaining vehicles.

There are other practical issues, like how things get started, how possible disruptions are found 
and repaired and how the time transfer scheduling functions can be integrated with the science 
data relay functions in a comprehensive way.

18.5 Time Transfer for Deep Space Missions

This section discusses scenarios for time transfer from Earth to planetary and deep space missions 
by piggybacking the time transfer function on the navigation function. Current DSN navigation 
functions use radiometric signals that provide range measurements to the order of 10 ns. With the 
methods discussed in this and the next section, it should be possible to discipline the spacecraft 
clock within a microsecond or two. Since the SNR is very low, in the order less than 0 dB, this 
requires great ingenuity in signal design and processing methods. The same methods can be used 
for an orbiter to navigate relative to another orbiter or lander, but the SNR is typically much 
higher, enabling methods such as the TWSTFT modulated PR codes to be practical.

Pass Begin (s) Duration (m) Score
4  3 26 398 14880
3  2 25174 39 -180
3  6 30820 349 20940
2  1 44922 11 -71760
4  5 51328 10 600

Table 18.4 Shortest Path Spanning Tree Schedule
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In general, radiometric means are used to determine range and range rate for an orbiter relative to 
a DSN station, and this is used to establish a state vector relative to an inertial frame such as 
J2000. Using the Electra transceiver an orbiter can measure the range rate (Doppler) of another 
vehicle and report these data to Earth, where the the vehicle state vector is determined. Once the 
state vectors are available, the time can be transferred using iterated methods similar to Section 
17.3. Using ordinary telemetry and spacecraft bus designs, time transfer accuracies should meet 
the current requirements for better than 1 ms. However, with a little more effort, it should be 
possible to achieve accuracies much better than 1 ms. To explore this issue further, it is necessary 
to go into more detail about how the DSN navigation function operates, how ranging codes are 
designed and used, and how the correlation function is performed.

There are three DSN complexes: Goldstone, California; Canberra, Australia; and Madrid, Spain. 
They provide continuous coverage for deep space missions. Each station includes a farm of huge 
antennas capable of precise orientation, high power transmitters and low noise receivers. In 
addition, each station is equipped with an extraordinarily stable master clock traceable to UTC. 
The objective here is to transfer proper time from this clock to a spacecraft in flight or on the 
surface of a planet.

At the present state of the art, navigation and time transfer functions are performed using several 
radio frequency (RF) bands allocated by the International Telecommunications Union (ITU-R). In 
future this might be done using optical frequencies.[14] Table 18.5 shows the frequency bands 

allocated for space communication. The UHF band is used with Proximity-1 space links in the 
vicinity of Mars, while S band is typically used in the vicinity of Earth. Most deep space 
navigation, telemetry and science data transport use X band. Recent missions have experimented 
at Ka band, as the antenna gains are higher and the available bandwidth is larger.

Past and present DSN navigation operations provide precise range and range rate measurements 
for each spacecraft separately. Past DSN missions performed these functions using a sequence of 
tone subcarriers transmitted along with the telemetry subcarrier on the same RF carrier [2]. 
Current DSN missions use a PR code and correlators similar to the TWSTFT method. A 
comparison between the past and present operations is in [1]. The general technique is described 
in great detail in [18]. It is important in the following discussion to note that the DSN transmitter 
carrier frequency is derived from the extremely stable station clock and that all ranging and 
telemetry signals are coherent with the carrier frequency. The spacecraft locks on the uplink 
carrier frequency and synthesizes a coherent downlink carrier frequency at a defined ratio. In 
principle, this allows precise measurement of range to within a fraction of a carrier cycle, which is 
about 10 mm at Ka band. 

Band (MHz) Uplink (MHz) Downlink (MHz) Downlink Ratio
UHF 15 435-450 390-405 not used

S 10 2110-2120 2290-2300 221/240
X 50 7145-7190 8400-8450 749/880
Ka 500 34200-34700 31800-32300 3557/3344

Table 18.5 Space Communication Frequency Bands
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The navigation function is typically performed using X-band uplinks modulated with a command 
subcarrier at 128 kb/s and a ranging subcarrier at some fraction of the RF carrier frequency, 
typically in the range 250-1000 kHz. Both subcarriers are phase-modulated on the RF carrier with 
the ranging subcarrier modulation index in the order of 0.2 rad., which leaves most of the signal 
power for uplink telemetry. In this design the navigation and telemetry functions are simultaneous 
and noninterfering to each other.

Tracking by one station alone can be done in noncoherent or coherent mode, but for satellites in 
deep space with roundtrip light times of many hours, coherent handover mode is required. In this 
mode the next DSN station locks to the downlink carrier resulting from the previous station 
uplink and synthesizes its own uplink carrier from this signal. In this case the navigation and 
telecommand functions can be continued for many hours as the orbit and state vector are refined.

A block diagram of a typical spacecraft transceiver is shown in Figure 18.7. The diplexor allows 
the transmitter and receiver to share the same antenna. The low noise amplifier (LNA), single 
sideband (SSB) mixer and numeric controlled downconverter oscillator (NCO1) translate the RF 
signal at frequency fu to an intermediate frequency (IF) at about 70 MHz. This signal is filtered 
and converted to digital form as in the Electra transceiver described in Section 17.8. The carrier 
tracking loop, loop filter and NCO1 form a phase-locked loop that tracks the RF carrier phase and 
frequency (Doppler). The upconverter oscillator (NCO2) RF frequency is synthesized from the 
NCO1 at the required ratio shown in Table 18.5. The IF signal is translated to the downlink 
frequency fd for the power amplifier (PA). 

At the spacecraft the uplink signal can be processed in either of two ways. In the turn-around 
mode shown in Figure 18.7 the uplink IF ranging subcarrier is demodulated, filtered and 
remodulated on the downlink IF carrier. It is the presumed intent that the uplink telemetry 
subcarrier is demodulated, filtered out and replaced by the downlink telemetry subcarrier, but 
there is some ambiguity about this in the available documents. In the regenerative mode shown in 
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Figure 18.8, the ranging subcarrier is demodulated, converted to digital form and the symbol 
timing and ranging code recovered. This digital signal is converted to analog form and modulates 
the downlink IF carrier, thus avoiding the noise received in the uplink passband. In either mode 
the downlink signal is received on Earth and the subcarriers individually demodulated and 
processed.

The DSN determines the range using the ranging subcarrier PR code and the range rate using the 
downlink carrier tracking loop and NCO frequency. However, the DSN range baseline can be 
much longer than the PR code length. While the longer baseline could be handled using a longer 
PR code, this would create problems in the correlation process to recover the PR code phase [11]. 
This point needs to be emphasized, as it is the key to providing precision time transfer to vehicles 
served by the DSN. Note that the TWSTFT ranging signal design uses repeated PR codes of 4095 
chips and resolves the range ambiguity by modulating the code. A correlator as in the USNO 
modem can cope with this using a fast DSP processor; however, the DSN PR code needs a 
correlator with over a million chips. The way the DSN design copes with this issue is important, 
not only with respect to the existing time transfer method, but important to understand the method 
suggested in the next section.

While there are techniques that can reduce the correlator hardware requirements, including 
methods based on the Fast Fourier Transform (FFT) [10] and Fast Walsh Transform (FWT) [3], 
even these techniques are not practical for a million-chip correlator. A key design consideration 
described in [2] is the use of a technique that accumulates multiple cycles of the entire PR code to 
improve the SNR, then correlates it using a fast DSP processor. This allows a robust correlation of 
the ranging phase at leisurely rates compared to the chip rate. However, this makes it difficult to 
embed additional information by modulating the ranging signal, as in the TWSTFT method.

The DSN ranging equipment uses a combination of relatively short PR codes of varying lengths 
that can be reprogrammed for different missions. The code generator and correlator design 
provides much flexibility in the number of codes and the design of each code. A number of 
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“good” codes are given in [1]; Table 18.6 shows the six codes used in combination for the DSN 

regenerative ranging signal. Note that in these codes the number of ones is one more than the 
number of zeros and that the coefficients are chosen to have good autocorrelation function for 
each code and low crosscorrelation functions between different codes. Since the length of each 
code contains no factor common to any of the others, there is no common divisor and the 
composite ranging signal has length equal to the product of the PR code lengths, which in this 
case is 1,009,470 chips. Using a ranging clock rate near 1 MHz, this results in a range ambiguity 
of about 75,000 km. The ambiguity has to be resolved by other means.

The PR codes are used in a rather interesting way. First, each code is repeated as necessary for the 
full composite signal period. This results in six bit strings of length equal to the product of the 
code lengths. Then, for i from 0 to 1,009,469 bits, each bit C(i) of the composite signal is

. (18.1)

The resulting signal has a strong spectral component at half the chip frequency, as it is dominated 
by the C1 component which alternates ones and zeros. The remaining codes cause occasional 
phase flips at a rate about 4.6 percent of the ranging clock rate.

The downlink signal is processed by massive I and Q integrators, one for each chip of the 
composite code. The DSP processes six integrators in parallel, one for each PR code in Table 
18.6. In effect, each integrator is a massive comb filter. Each integrator is processed at relatively 
low rates by a correlator implemented in a DSP chip. Eventually, after possibly long periods of 
integration, each correlator will produce a pulse at regular intervals depending on the code length. 
When all six correlators produce a pulse at the same time, the epoch of the ranging signal has been 
established.

While not explicit in the available documentation, the DSN calculates the time at the spacecraft 
and, after accounting for the space link delay and spacecraft motion, sends the time to the 
spacecraft in a command message in the same or a subsequent pass. Unfortunately, this method 
does not provide precision time transfer to the spacecraft, as the time command sent over the 1553 
telemetry bus is precise only to 0.5 ms. Possible remedies for this are discussed in the next 
section.

Name Length Binary Code Sequence
C1 2 10
C2 7 1 1 1 0 0 1 0
C3 11 1 1 1 0 0 0 1 0 1 1 0
C4 15 1 1 1 1 0 0 0 1 0 0 1 1 0 1 0
C5 19 1 1 1 1 0 1 0 1 0 0 0 0 1 1 0 1 1 0 0
C6 23 1 1 1 1 1 0 1 0 1 1 0 0 1 1 0 0 1 0 1 0 0 0 0

Table 18.6 DSN Ranging Codes

C i( ) C1 i( ) C2 i( ) C3 i( ) C4 i( ) C5 i( ) C6 i( )    =
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Precision time transfer from Earth to a spacecraft could in principle be done by modulating the 
uplink ranging signal, as in the TWSTFT method described in Section 18.1, but this is not 
practical given the very low SNR and the very long integration times required. On the other hand, 
time transfer could be done using a technique similar to the Space Shuttle demonstration 
described in Section 18.2. In this technique the spacecraft records its clock at the epoch of a 
ranging signal transmitted from Earth. Later, it receives the time of signal arrival as computed on 
Earth and adjusts the clock by the difference. The problem with this method is that it takes two 
uplinks and one downlink passes to complete, and this could take over a day for deep space 
missions.

On Earth the epoch of the ranging signal received from the spacecraft is determined using an 
awesome bank of integrators and correlators. In principle, the spacecraft could use the same 
technique, but this is hugely expensive in complexity, computing cycles and power. However, in 
the regenerative ranging mode the ranging signal is demodulated and the symbol clock recovered. 
The baseband signal can be used by a bank of relatively simple digital correlators and 
accumulators to determine the ranging signal epoch at the spacecraft. In the design suggested in 
Figure 18.9, there is a correlator for each of the six ranging codes shown in Table 18.6. Each 
correlator contains an accumulator for each chip of each code and produces a pulse at the time of 
the maximum accumulator value. The time of coincidence (TOC) when all six pulses fire at the 
same time establishes the ranging signal epoch. Note the divide by two counter, which is to 
partially despread the raw baseband signal. The reason for this will be explained later.

The key component in this design is the decimator. In effect, it throws away 16 of the last 17 bits 
and keeps only the last. The reason this works is the massive coding gain possible with the DSN 
ranging codes. For this to work properly, the decimation factor must be relatively prime to the 
code lengths and 17 is the smallest such factor. However, this also means that 17 TOC intervals 
are required to determine one coincidence.
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Figure 18.10 shows the operations for each of the six correlators. For a correlator of N bits, the 
shift and coefficient regiters have N bits and there are N accumulators, one for each bit. At the in-
phase sample time the data bit overwrites the shift register at bit position j. Then, the coefficient 
vector at bit position k is multiplied by the shift register at bit position j + k mod N and added to 
the accumulator at index j. Operation continues for k from 0 to N  1. The multiplication 
operation is implemented as an exclusive OR gate followed by an inverter. The output pulse fires 
at the index of the accumulator with the maximum value. The TOC pulse fires when all six pulses 
fire at the same time.

This design provides a huge amount of integration over the 17-TOC coincidence interval; 
however, the integration can be continued for more coincidence intervals as necessary. Even the 
longest 23-chip code repeats over 43,000 times over one TOC interval, so the design should 
tolerate a modest error rate. The current DSN ranging infrastructure is expected to operate with 
SNR as low as 10 dB [2], which with BPSK modulation yields an error rate of 0.327. Tests in 
simulation at this error rate show the design operates reliably even without integrating more than 
one coincidence.

The most obvious implementation is using a commodity DSP chip, which should have no trouble 
keeping up with the correlator operations. With a 16-bit integer-only DSP chip such as the Texas 
Instruments TMS320C54X and a 16-bit FIFO, the word rate is about 3.7 kHz, which is a chip shot 
for any modern DSP. The chip could be implemented as a bus peripheral for the spacecraft 
computer and the TOC pulse used to cause a spacecraft computer interrupt. The design will need 
a way to flag the PPS pulse from the spacecraft clock NCO and record in the sample stream. The 
DSP program can use this to compensate for the delay in processing.

A crude implementation in C running on an older computer runs at about 750 kb/s where each 
generated bit requires a call to the Unix random() function to simulate a bit error. The exercise 
turned up a couple of gotchas. First, the ranging signal subcarrier component C1 must be removed 
before correlation of the longer codes. As shown in Figure 18.9, this is done using the symbol 
clock, a divide by two counter and an exclusive OR gate. Second, the resulting data stream has a 
high proportion of zeros and this causes integrator sag, especially with the shorter codes. This is 
fixed simply by increasing the amplitude of positive correlations by a compromise factor of 1.3.
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There are two sources of ambiguity which must be resolved in this design. The first is the phase of 
the divide by two counter. If the wrong phase, a coincidence of the five longer codes will never 
coincide with the C1 code and the device will never find a TOC. In this case a timeout can be used 
to flip the counter phase. The second ambiguity is due to the inherent ambiguity of the BPSK 
modulation. If the subcarrier phase is inverted, a TOC will be found, but the integrator amplitudes 
will be much smaller than in the upright phase. In this case a subcarrier phase flip will restore 
correct operation.

The spacecraft clock can be disciplined in several ways, the most natural of which is to calculate 
the coordinate time at which a particular TOC is to arrive at the spacecraft and embed it in the 
telemetry stream. The time of arrival can be determined using the iterated procedure of Section 
17.3. Since the ranging subcarrier and telemetry subcarrier are modulated on the same RF carrier, 
this should be readily possible.

For this design to work properly, there must be some way to determine the time of each TOC in 
proper time on Earth and convert to coordinate time in the J2000 frame. But, since there is no 
need to synchronize the ranging signal TOC to UTC or any other timescale, the DSN ranging 
equipment probably has no hardware to do this. Note that the TOC interval is not precisely one 
second in length, so the TOC interval precesses over the second relative to the DSN station clock. 
A time of coincidence between the TOC and the actual second occurs every 100,947 s, or 
somewhat over one day.

A technique borrowed from LORAN-C can be used to establish the proper time of each TOC. 
This may require a minor amount of additional hardware in the DSN ranging equipment. When a 
coincidence is detected, it causes a computer interrupt. The computer records the UTC second 
from the station clock and provides it to the time transfer function. Then, the proper time of each 
TOC is equal to the number of proper seconds since coincidence times 9470 in microseconds. 
Time transfer from Earth to a satellite can be done in the following steps.

1. Read the station clock and determine the time of the next TOC in J2000 coordinates.

2. Using the iterated procedure of Section 17.3, determine the time of arrival at the spacecraft.

3. Propagate the DSN antenna state vector to the this time. This accounts for the motion due to 
Earth rotation and orbit revolution.

4. Insert this time in the telemetry stream.

As a final comment, this device could in fact be a key component in an autonomous navigation 
system, although in this application it might operate with different codes at lower rates 
commensurate with typical Proximity-1 space data links. From the available documentation, the 
Electra radio can turn the carrier around to measure the range rate, but has no capability to 
generate or use a ranging signal to accurately measure range other than the Proximity-1 protocol 
described in Section 17.6. It was mentioned in briefingsthat the Electra FPGA was being 
reprogrammed to support QPSK in addition to BPSK. This adds a quadrature channgel that could 
in priniciple by used for a ranging signal similar to the DSN ranging signal. The ranging signal 
would be transmitted at the same rate as the data and used in the same way as described above. 
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Using the DSN ranging codes in this way would result in coincidence intervals of about two 
minutes. Since the SNR on Prosimity-1 links is usually much higher than on DSN links and the 
roundtrip light time is very much smaller, it is likely that shorter, more efficient PR codes could be 
devised.
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